Al-based glassy coatings were synthesized using cold spraying technique to protect 6061 aluminum surface from the wear and corrosion. Gas atomized Al 90.05 Y 4.4 Ni 4.3 Co 0.9 Sc 0.35 (at.%) powder was used as the starting powder. Dense (98%) coatings with a uniform thickness of ~ 250 µm were deposited. The coatings retained the glassy structure of the powder with few nanocrystals embedded in the amorphous matrix. Ball-on-disk wear of the coatings showed 600% improvement in the wear resistance as compared to 6061Al substrate. Potentiodynamic studies of the coatings in varying NaCl concentrations displayed 5 times better corrosion resistance than 6061 Al substrate, which was attributed to the active passivation and the chemical homogeneity of the coatings. 
Introduction
Aluminum based bulk metallic glasses (Al-BMG) have attracted a lot of attention due to their superior mechanical properties, low density and corrosion resistance [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
The strength of Al-BMG could be higher than 1200 MPa at room temperature [10] .
Disordered atomic arrangement in BMG structure makes the deformation difficult as compared to ordered FCC structure in Al, which has slip planes of low critical resolved shear stress (CRSS). Glassy metallic structures are also known for their superior tribological behavior, which is closely linked to their mechanical properties. Zr and Fe based bulk metallic glasses have recorded impressive improvement in the wear resistance as compared to their crystalline counterparts [11] [12] [13] [14] [15] [16] . The wear in BMGs is governed both by plastic deformation from severe shear localization and abrasive wear, the characteristic of brittle materials. An interesting study by Zenebe et al. has established improved anti-corrosive wear resistance behavior of Fe-based BMG [16] . However, Albased metallic glasses have not been studied significantly to understand their tribological behavior. The only study on micro-scale abrasion of melt-spun Al-BMG has reported wear resistance similar to hardened alloys and an increase in wear resistance after devitrification, due to nanocrystal formation [17] .
Electrochemical studies on Al-BMG have shown superior corrosion resistance as compared to pure Al [5] [6] [7] [8] 18 ]. Xueqing et al. have studied the corrosion resistance of the melt-spun amorphous Al 88 Ni 6 La 6 and Al 86 Ni 6 La 6 Cu 2 in 0.01 M alkaline NaCl [6] .
Compared to Al, the amorphous alloys had a higher corrosion potential and a lower corrosion current density. Wang et al. annealed the Al 88 Ni 6 La 6 ribbons at 523 K for 4
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4 min and 673 K for 15 min to obtain samples that were partially and fully devitrified and, then measured the corrosion resistance in 0.01 M NaCl [18] . The corrosion potential was higher for amorphous alloys as compared to Al. Scully et al studied the effects of heat treatment-induced devitrification on the pitting corrosion behavior of Al 90 Gd 5 Fe 5 and
Al 87 Y 4.3 Ni 8.7 alloys and concluded that pitting resistance of amorphous aluminum alloys was retained even when small Al-rich nanocrystals were present in the amorphous matrix [5] . Similar improvement in the corrosion resistance of partially crystallized alloy was obtained by Lin et al. for (Al 86 Ni 9 La 5 ) 98 Zr 2 alloy [7] . The improvement in the corrosion resistance for amorphous structure originates from the chemically homogeneous structure which is free of defects such as grain boundaries, precipitates and segregation. It has been found that partially crystallized alloys have corrosion resistance comparable to the amorphous alloy; while full crystallization reduced the corrosion resistance [7, 18] . Such behavior is attributed to the creation of new interfaces that leads to easy transport of species and a faster development of passive layer.
In spite of possessing excellent corrosion and wear resistant properties, Al-BMG alloys have rarely been synthesized as protective coatings on a large scale. The majority of Al-based BMGs have been prepared by melt spinning technique [19] [20] [21] [22] [23] . The maximum thickness of Al-based BMG is limited to 100 µm due to their relatively low glass forming ability, except recently synthesized amorphous Al 86 Ni 8 Y 6 alloy with 1 mm thickness [24] . Fe, Ni, Cu and Zr-based metallic amorphous/partially crystalline glassy coatings have been synthesized on a large scale by thermal spray techniques, but same is not true for Al based BMGs [25] [26] [27] [28] [29] [30] [31] [32] . This could be largely attributed to commercial nonavailability of aluminum based BMG powder and rapid crystallization during most of the
coating synthesis techniques. Al-based nanocrystalline and glassy coatings have been synthesized by electrodeposition method [33] [34] [35] [36] [37] [38] . However, electrodeposition restricts coatings on large engineering components due to bath size limitation.
This study reports the large scale synthesis of Al based glassy coating by cold spraying. Cold spraying is suited for synthesizing glassy metallic coating because of the low temperatures involved that retains the original phase structure. Since the cold spray is a solid-state process, grain growth and phase transformations are not expected. Moreover, unwanted effect such as oxidation is also avoided in the process. The bonding occurs due to plastic deformation caused by impact leading to consolidation of the powder particles onto the substrate [39] . Cold spraying can be performed on large size and shape of the substrate in the service environment. Cold sprayed Al-BMG coatings could be an alternative for the protection of the aircraft skin due to the inherent corrosion resistance of metallic glasses. These coatings can also be applied for the corrosion protection of ships and other components in the marine environment.
In this study, we have synthesized cold sprayed aluminum based glassy coatings on 6061-Al substrate. The coating, synthesized from amorphous Al-based powder, is characterized to understand its structural identity in terms of glassy behavior and microstructure. The coating is also studied to understand its wear and corrosion resistant properties.
Materials and Methods

Powder and Coating Synthesis
A C C E P T E D M A N U S C R I P T synthesized using high pressure gas atomization route [40] . Pure elements were first melted in a graphite crucible under argon atmosphere. Subsequently, the melt was poured into an argon gas stream for atomization. The details of the powder synthesis can be found elsewhere [40] .
The coating was synthesized using cold spraying method at ASB Industries, Ohio.
The powder was fed through a high-pressure hopper, mixed with the preheated (673 K) nitrogen in a mixing chamber inside the gun, and was deposited at a very high pressure (3.8 MPa) on to the 6061-Al substrate. The gas pressure and the temperature were monitored by diagnostic ports inside the gun. An X-Y manipulator and a lathe were used to scan the spray beam over the substrate surface. Substrate temperature was maintained ~323 K.
Powder and Coating Characterization
The structural characterization of powder and coating was carried out using X-ray diffraction (XRD) and differential scanning calorimetry (DSC). XRD patterns were obtained using Cu K  (= 1.542A°) radiation in a Siemens D5000 X-ray diffractometer operating at 40 kV and 40 mA. A scan rate of 2/min and a step size of 0.2 were used to obtain XRD profiles. DSC was carried out using DSC 2910 (Du Pont Instruments) at a heating rate of 10 K/min. Microstructural characterization of the powder and coating were carried out using JEOL JSM-633OF field emission scanning electron microscope, operating at 15 kV. The samples for microstructural observation were prepared by mounting powders and coated substrates in epoxy resin followed by conventional
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7 metallographical polishing procedure. Grinding was done using SiC particle embedded grit papers followed by polishing using alumina particle suspension. Keller's reagent was used as etchant for observing grain/splat structures. Philips/FEI Tecnai F30 high resolution transmission electron microscope (HRTEM) operating at an accelerating voltage of 300 kV was used to observe the coating structure. The TEM sample was prepared by gentle grinding of the coating surface using a minimal force. The coating particles were collected and ultrasonicated in ethanol for 5 minutes. These fine particles were placed on the grid in TEM sample holder and subjected to TEM investigation. The particles are thin enough to reveal the microstructure as seen in Figure 4 . Energy dispersive spectroscopy maps were obtained using JEOL JSM 5910LV SEM. Particle size analysis was done using laser diffraction and verified from SEM images.
Hardness Measurement
Microhardness of the coating and the substrate was evaluated using indentation nanoindentation tests were carried out in quasi-static indentation mode with a peak load of 1000 N, loading/unloading rate of 100 N/s and dwell of 3 s at peak load. Nanohardness of the as-received Al-BMG powder particle, in mounted and polished condition was also measured using nanoindentation with the probe and load cycles similar to the
coating. A minimum of 25 nanoindentation measurements were performed for the powder and coating samples. Powder hardness data was used to compute the plastic strain in the cold sprayed splat.
Wear Studies
Tribological behavior of the cold sprayed Al-BMG coating and 6061-Al substrate was studied using ball-on disk tribometer (Nanovea, CA). A 3 mm diameter aluminum oxide ball was used as the wear probe. The wear test was carried out on a 6 mm diameter circular track with a speed of 200 rpm. The tests were carried out for 5, 30 and 60
minutes. The profile of the wear track was obtained through optical profilometer PS50
(Nanovea, Irvine, CA) and the images were processed through SPIP version 5.1 (Image Metrology, Denmark). Volume of the wear tracks were calculated from the processed depth profiles. Coefficient of friction was also recorded during the wear tests.
Electrochemical Testing and Contact Angle Measurement
The potentiodynamic polarization tests were performed on coating and substrate, 
Results and Discussion
Powder and Coating Morphology
The The DSC plot shows two exothermic events occurring at 330 and ~350 C in the powder (figure -2a). This is quite usual for multicomponent metallic glasses, which form several phases during their crystallization. These peaks indicate onset of crystallization, and thus the presence of glassy/amorphous phase in the powder. The XRD pattern shows presence of a hump in the region of 2 = 30 -50 (figure 2b), which also indicates the amorphous nature of the powder. However, the presence of broad Al-FCC peaks in the pattern confirms that the crystallization could not be avoided fully during gas atomization [41] . ……… (1) where, ε p is the strain in the particle, H p , ρ p and ν p are the hardness (in MPa), density and velocity of the powder particle. The velocity of the Al particles is found to be 500 m/s in similar conditions of cold spraying [42] . The hardness of the Al-BMG powder was measured to be 3.1 ± 0.5 GPa. The density of the powder is calculated to be 3.08 g/cc.
Thus, using equation (1) K, but the short residence time (millisecond) of powder with the heated gas and the consequent heavy deformation helps in retaining the amorphous structure in coating, as observed in XRD and HRTEM results.
Hardness of the Coating and Powder
The microhardness of Al-BMG coating and 6061-Al substrate is 3.36 ± 0.11GPa and 1.09 ± 0.02 GPa, respectively. The nano-hardness of Al-BMG powder was measured as 3 ± 0.02 GPa, which increased to 5.01 ± 0.41 for cold sprayed coating. This increase in
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12 hardness of the glassy powder to amorphous coating is attributed to the high strain (0.57) introduced during the cold spraying, which causes strain hardening. The difference in the hardness values of the coating at micro and nano-scale length is attributed to the splat structure of the coating, which is heterogeneous and very sensitive to the scale of the measurement. 6d) is the sign of abrasion dominated wear, which is a common characteristic of hard materials like bulk metallic glasses [11] [12] 16] . No cracks were observed on the coating surface despite its high hardness. The wear mechanism can also be correlated with COF.
Tribological Behavior of the Coating
Initially, the wear in 6061-Al substrate is dominated by plowing. More lateral force is required for removal of material in plowing. The craters created by plowing produce a rougher surface, which leads to a higher COF as compared with the coating. At a later stage (30 minutes), fine particles generated as wear debris offer some lubrication and the COF is comparatively reduced. In the case of cold sprayed Al-BMG coating, COF shows high value and more noise initially due to the higher hardness and slippage of the glassy surface. Once an impression of wear track is created (~ 8 minutes), the wear is mainly dominated by light abrasion which is shown as smooth scar. Thus, the surface remains comparatively smooth with a lower COF than 6061-Al substrate. Table 1 . Coated samples showed reduction in cathodic and anodic currents, when compared with currents corresponding to the substrate. The corrosion rate (mpy) of the substrate is 5 times greater than that of the coating for both 0.01 and 0.1 N NaCl electrolytes, indicating excellent corrosion resistance of the cold sprayed Al-BMG coating. Additionally, the coating displayed multiple regions of passivity in 0.1 N NaCl electrolyte, which may be due to the initial instability of the passive oxide film, followed by new oxide layer formation.
Corrosion Behavior of the Coating
The high corrosion resistance of the coating can be attributed to two main features.
Firstly, amorphous nature of the coating leads to chemical homogeneity making it difficult for the formation of localized galvanic cells and the onset of corrosion.
Furthermore, the presence of nanocrystals, as evidenced in HRTEM micrograph, leads to improvement in the corrosion resistance. Accelerated passive film formation in nanocrystal containing amorphous structure has been reported, due to the enhanced diffusion of passive elements [6] [7] 18] . The accelerated nature of passivation is also corroborated by the potentiodynamic curve in Figure 7b . Figures 8a and 8b show SEM images of coating surface before and after corrosion. Elemental distribution maps for Al and O corresponding to Al 2 O 3 film formation on Al-BMG coating before and after corrosion in 0.1 N NaCl are also shown in Figure 8 . The surface after corrosion shows uniform and high oxygen content (figure 8d), which is minimal before corrosion ( figure   8c ). This indicates the formation of a passive oxide layer during corrosion.
Conventionally, FCC Al with nanocrystallites, shows a higher probability of pit formation. However, no severe pitting is observed in SEM micrograph (figure 8b) of the coating after corrosion. The lack of severe pitting is attributed to the amorphous matrix,
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15 which is rich in substitutional elements and surrounds the nanocrystals. It requires a higher potential than that required for pure Al to maintain a stable pit growth condition [5] . Thus, severe pitting is not observed in cold sprayed Al-BMG coating.
Contact angle on 6061-Al substrate revealed hydrophilic (88.6±2.1 degree)
behavior with polar solvent (water). The coating displayed hydrophobic nature with an increased contact angle (118.3±0.9 degree). The higher contact angle for the coating can also be correlated to a higher corrosion resistance as contact area and surface energy is minimized.
Conclusions
Cold Cold sprayed Al-based amorphous coating shows great promise in protecting aluminum surface from corrosion and wear. 
